A variety of extracellular signals lead to the phosphorylation and activation of mitogen-activated protein kinases (MAP kinases). An activator of MAP kinases, Meki, phosphorylates MAP kinases at threonine and tyrosine residues and is itself phosphorylated at serine-218 and -222 by the protooncogene product Raf-1. By introducing negatively charged residues that may mimic the effect of phosphorylation at positions 218 and 222, we have activated the capacity of Mekl to phosphorylate MAP kinase by >100-fold. The most effective activation by a single substitution resulted from the introduction of aspartate at position 218, whereas the introduction of either aspartate or glutamate at position 222 was ineffective. Expression of the activated Meki phosphorylationsite mutants in COS-7 cells led to the activation of MAP kinase in the cells and resulted in an increase in the mass of the transfected COS-7 cell population, suggesting an important role of Mekl in the transduction of mitogenic signals.
Studies on the activation of serine/threonine-specific protein kinases in mitogen-treated animal cells have uncovered a highly conserved signal transduction pathway. The first enzyme in the pathway to be well-characterized, mitogenactivated protein kinase (MAP kinase, also known as Erk, for extracellular signal-regulated kinase) is related in sequence to Fus3p in Saccharomyces cerevisiae and Spklp in Schizosaccharomyces pombe (for reviews, see refs. [1] [2] [3] [4] . The (6, 7) . Peptide sequencing revealed strong similarity to the Sch. pombe byri gene product (8) . Subse- quently, the sequence of a Mek cDNA revealed it is 60% similar and 45% identical to Byrip and closely related to Ste7p from S. cerevisiae (9) (10) (11) . These three enzymes are also activated by conserved upstream protein kinases, Mek kinase, Stellp, and Byr2p in animal cells, S. cerevisiae and Sch. pombe, respectively. The protooncogene product Raf-1 also serves as a Mek kinase in animal cells (12) (13) (14) , but no protein kinase with a closely related sequence has been detected in yeast. In S. cerevisiae, members of this set of enzymes are utilized in three distinct cellular processes as diverse as mating-factor response, cell-wall construction, and response to osmotic changes in the environment ( We have initiated studies to determine the influence of the introduction of activated enzymes on cell behavior. Recently, the serine residues in Mekl that are required for phosphorylation and activation by Raf-1 have been identified (19, 20 x g for 30 min. The protein concentration of the supernatants (cytosolic fractions) was determined by the Bradford assay (Bio-Rad, no. 5000-006). Immunoprecipitation was performed at 4°C in 1 ml of PBS/0.5% Triton X-100, using 1 j~g of antibody, 10 ,&l (bed volume) of protein G agarose (Santa Cruz Biotechnology, Santa Cruz, CA) and 100 ,ug of cytosolic proteins. Immunoprecipitates were washed four times with 1 ml of ice-cold PBS/0.5% Triton X-100 and then incubated with 40 ,u of kinase "cocktail" for 10 min at 30°C. The Erkl kinase cocktail contained 50 mM Tris (pH 8.0), 5 mM dithiothreitol, 0.1 mg of ovalbumin per ml, 3 (Fig.  2B ). There seemed to be no significant difference between the activity of wild-type Mekl (Fig. 2A, (Fig. 3A) . The quantity of Erkl protein in each immunocomplex as measured by Western blot analysis was approximately equivalent (Fig. 3B) 
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The dual phosphorylation sites of Mekl are strikingly parallel to those of MAP kinase, which are also located between subdomains VII and VIII. The mechanisms of activation for these two enzymes may differ, however. The activation of MAP kinase requires the phosphorylation of both the threonine and the tyrosine site (6) , and the dephosphorylation of either site inactivates the enzyme (25, 26) . Our success in the activation of Mekl by the Asp218 mutation suggests that the phosphorylation of Ser218 is sufficient for at least the partial activation of Mekl. Moreover, the inactivation of Mekl by phosphatases appears to require the dephosphorylation of both position 218 and position 222 (20) . Thus, it is possible that the phosphorylation ofeither Ser218 or Ser222 partially activates Mekl and that the phosphorylation ofboth sites fully activates it. Nonetheless, this notion has to be reconciled with the observation that the single substitution of alanine for either Ser218 or Ser222 in Mekl abolishes its capacity to be activated by Raf-1 (19, 20) . It is possible, however, that the single alanine substitution at either ofthese two sites alters the kinase structure to such an extent that the mutant Mekl is no longer active even when the other site is phosphorylated. Similarly, our failure to activate Mekl by Ser222 mutation may be due to a structural alteration introduced by the mutation that prevents aspartate from mimicking phosphoserine at position 222 as adequately as it does at position 218. Clarification of these questions requires the production of mutant proteins in sufficient quantity to test their capacity to be phosphorylated and activated by Raf-1 in soluble assays. These mutant enzymes will be necessary in order to obtain more quantitative data than is possible with immunocomplex assays.
We (31) . The constitutively active Mekl mutants may also be a useful tool for studying the role of the Mek family kinases in growth regulation. As a preliminary approach to address the question of whether these Mekl mutants can stimulate cell growth or contribute to oncogenic transformation of cells, we estimated the rate of growth of the COS-7 cells transfected with the Mekl mutants by measuring the protein content of the cell population (Fig. 4) . We found that the quantity of cytosolic protein was significantly increased by the expression of the activated Mekl mutants, suggesting a growth-stimulating effect. Surprisingly, the expression of the [Glu218, Asp222]Mekl or [Glu218,Glu222]Mekl mutant, which did not activate Erkl in COS-7 cells, also significantly increased the protein content of the cell population. It is possible that these two mutants exerted their effects through downstream targets other than Erkl. The increased protein content ofthe cell population could result, however, from one or more factors, such as an increase in individual cell size or 
